Cell Culture. The cell line was kindly provided by Stanley M. Lemon (University of Texas Medical Branch, Galveston) and were routinely grown in DMEM supplemented with 1ϫ nonessential amino acids, 100 units/ml penicillin, 100 g/ml streptomycin, 10% FCS (Wisent, Montreal). Cell lines carrying HCV replicons were grown in medium containing 800 g͞ml G418-active ingredient (geneticin, GIBCO͞Invitrogen, Carlsbad, CA).
RNA interference represents an exciting new technology that could have therapeutic applications for the treatment of viral infections. Hepatitis C virus (HCV) is a major cause of chronic liver disease and affects >270 million individuals worldwide. The HCV genome is a single-stranded RNA that functions as both a messenger RNA and replication template, making it an attractive target for the study of RNA interference. Double-stranded small interfering RNA (siRNA) molecules designed to target the HCV genome were introduced through electroporation into a human hepatoma cell line (Huh-7) that contained an HCV subgenomic replicon. Two siRNAs dramatically reduced virus-specific protein expression and RNA synthesis to levels that were 90% less than those seen in cells treated with negative control siRNAs. These same siRNAs protected naive Huh-7 cells from challenge with HCV replicon RNA. Treatment of cells with synthetic siRNA was effective >72 h, but the duration of RNA interference could be extended beyond 3 weeks through stable expression of complementary strands of the interfering RNA by using a bicistronic expression vector. These results suggest that a gene-therapeutic approach with siRNA could ultimately be used to treat HCV. R NA interference (RNAi) is a phenomenon in which small double-stranded RNA molecules induce sequence-specific degradation of homologous single-stranded RNA (1) . In plants and insects, RNAi activity plays a role in host-cell protection from viruses and transposons (2, 3) . From a practical perspective, RNAi is proving to be a very powerful technique to ''knock down'' specific genes to evaluate their physiological roles in Caenorhabditis elegans (1, 4) , Drosophila melanogaster (5) , and humans (6) .
In plants and invertebrates, RNAi can be induced through transfection or microinjection of long double-stranded RNA (1, 7) . The double-stranded RNA is cleaved into 19-to 23-nt RNA fragments known as small interfering RNAs (siRNAs) (8) . siRNAs are incorporated into a ribonuclease enzyme complex known as the RNA-induced silencing complex (RISC). The antisense strand of siRNA within the RISC serves as a guide for sequence-specific degradation of homologous messenger RNAs. Only RNA molecules Ͻ30 bases in length can be used to exclusively induce RNAi in mammalian cells because longer molecules also activate the nonspecific double-stranded RNAdependent response (9, 10) . In plants and nematodes, RNAi activity is long-term and disseminates throughout the organism via an uncharacterized amplification mechanism. In mammalian cells, amplification activity seems absent, and interference activity is transient, lasting for only 3-5 days. More recently, DNA expression vectors have been developed to express hairpin or duplex siRNAs. These vectors employ the type III class of RNA polymerase promoters to drive the expression of siRNA molecules (11) (12) (13) (14) . In addition, stable cell lines containing siRNA expression plasmids have been produced to induce RNAi over longer durations (13, 15) .
The potential of using RNAi activity for treatment of viral diseases and cancer has aroused a great deal of interest in the scientific community. Other laboratories have reported the use of RNAi activity in cultured cells infected with HIV, human papillomavirus, and polio or containing a variety of cancer genes (16) (17) (18) (19) (20) (21) . Hepatitis C virus (HCV) is a major health concern, and an estimated 3% of the world's population (270 million individuals) is chronically infected with this viral pathogen. It is estimated that 40-60% of infected individuals progress to chronic liver disease, and many of these patients ultimately require liver transplantation (22) . Currently, the only treatment available for patients with chronic HCV infections consists of combination therapy with IFN and ribavirin. The standard therapy has a poor response rate (23), and thus there is a great need for the development of new treatments for HCV infections. Our laboratory has investigated the effect of RNAi activity on the replication of HCV by using the recently established replicon system (24) (25) (26) . We have identified two siRNAs capable of dramatically reducing viral protein and RNA synthesis. In addition, we also have shown that RNAi can protect naive Huh-7 cells from challenge with replicon RNA. Finally, the duration of protective interference activity was extended beyond 3 weeks by expressing siRNAs from a bicistronic expression vector that replicates as an episome. of the replicon sequence by using primers (5Ј-CCTGTGGAG-AACCTAGGGACACCATGAGATCC-3Ј) and (5Ј-CCTAAT-ATCAGGATCGGGGTGAGAACAATT-3Ј). The 12-nt insert was added by using the primer 5Ј-CCTCAAAGAAAAAC-CAAACGTAACACCAACGGGCGCGCCATGATTGAAC-3Ј. The negative control replicon pHCVrepAB12mut contain an aspartic acid-to-asparagine mutation in the NS5b polymerase coding sequence was made by using the primer 5Ј-CGAT-GCTCGTATGCGGA A ACGACCT TGTCGT TATCTG-3Ј. pHCVrepAB12Luc was made by removing the neomycin gene from pHCVrepAB12 by digestion with AscI and PmeI and inserting the luciferase gene, which had been amplified from the plasmid pGL2 (Promega) by using standard techniques. The plasmid pCEP4d was made by digesting pCEP4 (Invitrogen) with PvuII and SnaBI and religating to remove the cytomegalovirus immediate early promoter element. A DNA insert encoding tandem H1 promoters driving the sense and antisense siRNAs 6367 and 6367 mismatch (mm) was made by PCR. A detailed description of the cloning method is available on request. All plasmid constructs were sequenced for confirmation. Synthetic siRNA duplexes described in Table 1 were obtained from Dharmacon. siRNAs 6188 mm and 6367 mm are negative control duplexes, each containing six nucleotide mismatches in the target sequence.
Production of Monoclonal Antibodies Against HCV 1a H77 NS4a͞3 and
NS5b. The plasmids pETNS4A͞NS3 and pETNS5B, containing the coding sequences for NS4A͞NS3 and NS5B, were transformed into BL21 bacteria. The His-tagged proteins were purified (Amersham Pharmacia) and injected into mice. Hybridoma cell lines were produced and screened by using standard methods (30) .
In Vitro Transcription. HCV replicon RNAs were transcribed in vitro by using the T7-Megascript in vitro transcription kit (Ambion, Austin, TX) according to manufacturer instructions. After RNA synthesis, the DNA template was removed by three repeated digests with 0.2 units͞l DNase I enzyme at 37°C for 30 min.
Electroporation of HCV Replicon and siRNA and Selection with G418.
Cells were electroporated by using the protocol described by Lohmann et al. (24) . Either 10 ng of HCVrepAB12neo͞ HCVrepA B12neomut replicon RNA or 10 g of HCVrepAB12Luc͞HCVrepAB12Lucmut RNA were electroporated into naive Huh-7 cells alone or with 100 nM siRNA. AB12-A2 cells were electroporated with 1 M siRNA. Plasmid pcDNAluc (1 g) was added to each sample to determine electroporation efficiency. If the cells were to be assayed for colony formation, they were transferred to 8 ml of DMEM and seeded into one 10-cm-diameter tissue-culture dish. Twenty-four hours later and every 3-4 days subsequently, the medium was replaced with fresh DMEM supplemented with 800 g͞ml G418 until colonies were visible. Colonies were fixed and stained with 0.1% gentian violet. To screen for luciferase expression, three 35-mm plates were seeded, each with 5% of the electroporated cells. At 3, 48, and 72 h postelectroporation, the cells were harvested and assayed for luciferase activity (Promega). The luciferase levels at 3 h postelectroporation were used to correct for transfection efficiency.
Transfection of Plasmid DNA into Huh-7 Cells. Huh-7 cells were transfected with pCEP4d plasmids expressing siRNA 6367, siRNA 6367 mm, or with no insert. The plasmids were transfected into Huh-7 cells by using Lipofectamine 2000 (Invitrogen) and the suggested method. Medium containing 75 g͞ml hygromycin (Invitrogen) was added to the cells 24 h posttransfection.
RNA Purification and Northern Blot Analysis. RNA samples were purified from Huh-7 cells by using Trizol reagent (Life Technologies, Invitrogen). Total RNA (5 g) was treated with glyoxal and subjected to electrophoresis in a 0.9% agarose gel by using standard techniques (31) . The gels were transferred to Hybond n ϩ nylon membrane (Amersham Pharmacia) and probed with 32 P-labeled neomycin-resistance gene DNA that had been labeled by using the Ready-To-Go DNA-labeling kit (Amersham Pharmacia). An HCV sense strand-specific riboprobe was made by using HindIII linearized pHCVrepAB12 replicon plasmid as a template for use in the Riboprobe T7 system with [␣-32 P]UTP (Promega). SDS͞PAGE and Western Blot Analysis. Equal numbers of naive or replicon-containing Huh-7 cells were lysed in SDS sample buffer 72 h after electroporation with siRNAs. Protein was electrophoresed on a polyacrylamide gel (Novex Invitrogen) and transferred to Hybond-C Extra-supported nitrocellulose membrane (Amersham Pharmacia). The blots were probed with monoclonal antibodies specific for NS3, NS5b, and actin by using standard methods. Proteins were visualized by using enhanced chemiluminescence (ECL, Amersham Pharmacia).
Results
Construction of the HCV Replicon Used in the Study. The design of the bicistronic HCV replicon used in this study is shown in Fig. 1A . The HCVrepBB7 replicon construct was obtained from Charles M. Rice and contained the adaptive mutation S2204I (25) . We constructed an enhanced replicon construct by introducing two additional adaptive mutations, E1202G and T1280I (26) , and extending the HCV internal ribosome entry site by 12 nucleotides (29) . The enhanced replicon construct, HCVrepAB12, had a colony-forming efficiency of 1 ϫ 10 5 colonies per g of RNA, which is a 1,700-fold improvement over the efficiency of HCVrepBB7 in our hands. A G418-resistant cell clone, AB12-A2, was isolated, amplified, and screened for the presence of the replicon RNA and absence of replicon DNA by PCR.
RNAi Silences HCV Subgenomic Replication and Gene Expression.
Six siRNAs were designed to trigger RNAi through homology with specific regions of the HCV subgenomic replicon ( Fig. 1 A; Table  1 ). The effect of each siRNA on HCV protein and RNA levels was examined by Western and Northern blot analyses of samples of the HCV replicon cell line (AB12-A2) after electroporation. Of the six triggers tested, siRNAs 6188 and 6367 elicited the most potent effect. At 72 h postelectroporation, HCV nonstructural proteins NS3 and NS5b levels were below the detection limit by Western blot analysis (Fig. 1B, lanes 5 and 6) , and the levels of replicon RNA were 9.6% and 12.9%, respectively, when compared with the levels of replicon RNA in control cells electroporated in the absence of siRNA (Fig. 1D , lane 1 vs. lanes 5 and 6). Electroporation of negative control siRNAs containing six mismatched nucleotides did not have any effect on the levels of HCV replicon RNA or HCV nonstructural proteins in AB12-A2 cells. These results indicate that the effects of the siRNAs on HCV replicon protein and RNA levels were sequence-specific and not caused by induction of nonspecific host-defense pathways ( Fig. 1 B and C, lanes 8 and 9) . Thus the effects of siRNAs on HCV protein and RNA levels seem to be the result of siRNA-directed degradation of the HCV replicon RNA by RISC. The other four siRNAs used in this experiment were less effective or had no significant effect ( Fig. 1 B and D, lanes 2-4  and 7) . The relative effectiveness of the siRNA trigger sequences was confirmed by quantification of HCV replicon RNA levels by real-time RT-PCR (data not shown). By using this method, the relative reduction in HCV replicon RNA levels was more dramatic, with a 99% and 94% decrease in replicon RNA levels after treatment with siRNA 6188 and siRNA 6367. RNAi also reduced the levels of negative-strand HCV replicon RNA (Fig.  1C ), indicating that RISC endonuclease activity also may target and degrade the (Ϫ) strand of the HCV-replication intermediate.
HCV-Specific siRNA Protects Cells from Challenge with the HCV Sub-
genomic Replicon. Electroporation of 10 ng of HCVrepAB12neo replicon RNA into Huh-7 cells resulted in the growth of Ϸ465 G418-resistant colonies ( Fig. 2 A and B, lane 3) . Triggering HCV-specific gene silencing by coelectroporation of siRNAs with replicon RNA caused a dramatic decrease in the number G418-resistant colonies when siRNAs 6188 and 6367 were used ( Fig. 2 A and B, lanes 7 and 8) . The efficacy of individual siRNAs mirrored the results seen in the previous experiments. Small interfering RNAs 6188 and 6367 were the most potent inhibitors and caused a 95% and 99% reduction, respectively, in the numbers of G418-resistant colonies formed. The siRNAs 1748, 2365, 2883, and 6793 had only marginal effects on colony formation (Fig. 2B, lanes 4-6 and 9 ). Control siRNAs, siRNA 6367 mm and DDB1S (a nonspecific siRNA), gave no significant reduction in G418-resistant colony formation (Fig. 2B, lanes 10  and 11) . A control replicon in which the NS5B gene was mutated and rendered nonfunctional (HCVrepAB12neo-mut) could not produce G418-resistant colonies after electroporation into Huh-7 cells ( Fig. 2 A and B, lane 2) . Similar results were seen in a transient assay designed to measure the stability and replication of the HCV subgenomic replicon through the use of a luciferase assay (Fig. 2C) . A luciferase reporter gene was inserted into the replicon RNA in place of the neomycin-resistance gene to produce HCVrepAB12Luc. Stability of the replicon was determined by measuring luciferase expression levels at 72 h postelectroporation of the various siRNAs. Again, the effects of the siRNA triggers on luciferase expression levels were similar to those seen in the previous assays (Fig. 2C ). Small interfering RNAs 6188 and 6367 were the most potent inhibitors and led to a reduction in relative luciferase expression levels to 27% and 16%, respectively, compared with controls in which siRNA was absent (Fig. 2C, lanes 7 and 8 vs. lane 1) . Control siRNA 6367 mm and DDB1S had no effects on luciferase expression (Fig. 2C,  lanes 10 and 11) . These data suggest that coelectroporation of replicon RNA together with certain siRNAs can induce strong RNAi activity. In the case of the most effective siRNA sequences, HCV replicon colony growth was abolished almost completely.
Duration of RNAi Activity on HCV Subgenomic Replicon Triggered by
Synthetic siRNAs. We investigated the duration of RNAi activity on the HCV replicon in Huh-7 cells by first introducing siRNA 6367 or control siRNA 6367 mm into Huh-7 cells by electroporation to induce RNAi, and then at various times after electroporation the cells were reelectroporated with 10 ng of HCVrepAB12 replicon RNA to assess the potency of interfer- 6) , or with a control siRNA containing mismatched nucleotides (lanes 8 and 9, siRNA 6188 mm and siRNA 6367 mm). A sample from the parental Huh-7 cells is shown (lane 10). Blots were probed with monoclonal antibodies to either NS3 (Top) or NS5b (Middle). A third blot was probed with antiactin (Bottom) to control for protein loading. Protein size markers are shown on the right side. (C) Northern blot analysis of negative-strand HCV replicon RNA levels in siRNA-treated replicon cells 48 h after induction of RNAi. RNA was purified from a portion of the samples described for B. The Northern blot was probed with 32 P-labeled (Ϫ) strand-specific riboprobe to detect negative strand HCV replicon RNA and a 32 P-labeled GAPDH DNA to control for RNA loading. The locations of the HCV replicon (Ϫ) strand RNA and control GAPDH RNA are indicated. (D) Northern blot analysis of HCV replicon RNA levels in AB12-A2 cells 48 h after electroporation of siRNAs. The samples analyzed by Northern blot are identical to those described for B. RNA size markers are shown on the right side, and the RNA bands corresponding to HCV replicon RNA and GAPDH mRNA are indicated on the left side. HCV replicon and GAPDH RNA levels on Northern blots were quantitated by PhosphorImager (Molecular Dynamics) analysis. The average level of HCV RNA present in each sample is given below each lane as a percentage relative to the levels seen in cells not treated with siRNA. Percent SDs are given based on the average of three independent experiments. ence activity at that particular time. Negative control cells were electroporated with siRNA 6367 mm ( Fig. 3A Upper) , and the numbers of colonies that formed (ranging between 270 and 393) did not change significantly over the duration of the experiment. The small variation in the colony numbers between each experiment reflected differences in electroporation efficiencies. However, in cells electroporated with siRNA 6367 RNA, the interference activity was strong at early times after induction and became weaker over time, as evidenced by the increase in numbers of G418-resistant colonies that grew when replicon RNA was electroporated 96 and 120 h after induction of interference (Fig. 3A Lower) . The combined results of three replicate experiments are shown graphically (Fig. 3B) . When HCV replicon RNAs were electroporated 24 or 72 h after induction of RNAi with siRNA 6367, the effect of gene silencing on the HCV subgenomic replicon was potent and caused a 92% and 80% reduction in the number of G418-resistant colonies (Fig. 3B, 24 and 72 h) . However, at 96 h after introduction of siRNA 6367 to the cells, there was considerably less RNAi activity, and activity was insignificant by 120 h postinduction (Fig. 3B, 96 and 120 h) . As has been seen in other mammalian systems, the effect of RNAi mediated by exogenously added synthetic siRNAs is short-lived and seemed to extend to 96 h in our experiments. RNAi was induced in Huh-7 liver cells by transfecting cells with a vector that expressed complementary strands of an siRNA under control of two separate H1 promoters (Fig. 4) . The plasmid pCEP4 (Invitrogen) was chosen to express the siRNA molecules because of its ability to replicate as a multicopy episome in mammalian cells. The cytomegalovirus promoter was removed from the pCEP4 to produce the plasmid pCEP4d to eliminate possible competition between the endogenous cytomegalovirus promoter and the H1 promoter. Tandem H1 promoters driving expression of sense and antisense siRNA sequences were inserted into pCEP4d as depicted in Fig. 4A . To test transient RNAi activity by pCEP4d expressing siRNA 6367, the plasmid pCEP4d6367 was transfected into AB12-A2 cells, and the level of viral NS3 protein was assessed at 72 h posttransfection by Western blot analysis (Fig. 4B) . The level of NS3 was lower in cells containing pCEP4d6367 (Fig. 4B, lane 2) when compared with cells that were transfected with pCEP4d empty vector (Fig. 4B, lane 1) or with a plasmid expressing negative control siRNA, pCEP4d6367 mm (Fig. 4B, lane 3) . This result indicated that the H1 promoter expressed complementary siRNA strands that induced RNAi directed against HCV. To demonstrate stable siRNA activity against HCV in Huh-7 cells, the plasmid pCEP4d6367, pCEP4d6367 mm, or empty vector was introduced into cells by transfection. Cell lines that contained the episomal expression vector were selected by using hygromycin for 3 weeks. After selection and expansion of the hygromycin-resistant cell lines, cells were electroporated with 100 ng of HCV subgenomic replicon RNA. Colonies that were resistant to G418 because of the presence of replicon were counted. HCV-specific RNAi activity was observed in the cell line containing pCEP4d6367 as evidenced by 70% fewer G418resistant colonies (Fig. 4C ) compared with control cell lines. Control cells contained the empty vector pCEP4d or the vector expressing siRNA pCEP4d6367 mm (Fig. 4C) . Thus, potent HCV-specific RNAi activity was induced for an extended period of time by using cells that constitutively expressed siRNA molecules.
Discussion
RNAi represents an exciting new technology that could have applications in the treatment of viral diseases. Previous reports have shown that siRNAs directed against the HIV genome can effectively inhibit virus production in model cell-culture systems (1, 19, 20, 32) . In addition, RNAi activity directed toward the major HIV receptor protein, CD4, led to decreased entry of HIV into cells (19) . However, replication of HIV occurs through an integrated DNA genome, representing a situation where RNAi is ineffective in clearing the virus. On the other hand, the HCV genome is a (ϩ) sense single-stranded RNA that functions as both the viral messenger RNA and a template for RNA replication via a negative-strand intermediate (33) . This situation suggests that HCV could be a particularly attractive target for RNAi therapy that could eliminate viral RNA from the infected cell and potentially cure a patient of hepatitis. We have demonstrated that HCV replicon RNA is susceptible to RNAi in a human hepatoma cell line (Huh-7). Introduction of two different siRNAs into target cells that contained HCV replicon RNA caused a dramatic decrease in the levels of viral proteins and RNA. This effect was likely due to the degradation of HCV messenger RNA by the RISC endonuclease. HCV-specific RNAi activity also led to a reduction in the levels of HCV (Ϫ) strand replication intermediate RNA and allows for the possibility that replicating HCV RNA may also be susceptible to degradation by RISC. We do not know the effect of RNAi on HCV immediately after virus entry into cells, because an efficient cell-culture system for growth of HCV is not available at this time. However, we have shown that up to a 99% reduction in the efficiency of HCV replicon colony formation when interference activity was induced concurrent with replicon RNA entry into cells. Thus RNAi protects cells from ''infection'' by HCV replicon RNA. Because the early events of an HCV infection include translation of the newly uncoated genomic RNA, it is likely that the viral RNA will also be susceptible to RNAi at this time. However, this remains to be determined.
The efficacy of each of the six siRNAs that were designed to target different regions of the HCV replicon RNA varied greatly, which is in agreement with siRNAs targeted to other genes (19) . The reasons that certain siRNAs did not induce HCV-specific RNAi are not known, but one could speculate several possibilities. SiRNAs that are inefficient in RNAi response may target regions of RNA that are inaccessible to RISC because of secondary structure, protein binding, or both. Alternatively, these siRNAs may not form RISCs that are productive in eliciting RNAi.
Because of the great variability in RNA sequences between different quasispecies and genotypes of HCV, for therapeutic applications it may be necessary to include several different combinations of siRNA to target a particular region of the genome. In addition, the high mutation rate of HCV that is apparent during replication makes the appearance of escape mutants from RNAi a distinct possibility, as was seen for poliovirus (16) . However, the development of viral resistance to RNAi may not merely be limited to the production of escape mutants through sequence divergence. Many plant viruses (2, 34) and at least one animal virus (35) synthesize gene products that At 72 h posttransfection, AB12-A2 cells containing pCEP4d, pCEP4d6367, or pBS6367 mm were harvested for analysis by Western blot. Identical blots were probed with either anti-NS3 (Upper) or antiactin (Lower) that served as a control for protein loading. (C) Stable cell lines that expressed siRNA yielded 75% less HCV replicon-dependent colony growth. Huh-7 cells were transfected with pCEP4d empty vector (Top), pCEP4d6367 (Middle), or pCEP4d6367 mm (Bottom) and grown for 21 days in medium containing hygromycin. After selection, the cells were electroporated with 100 ng of HCVrepAB12neo replicon RNA. Colonies were grown in medium containing 800 g͞ml G418 for 14 -20 days, fixed, and stained with gentian violet. The numbers of colonies on each plate are shown in parentheses. In each case, the number of colonies represents the average of two independent experiments with the SDs. seem to block RNAi activity. Whether HCV possesses such an activity remains to be determined (35) .
The utility of siRNA as a therapy against HCV infection will depend on the development of efficient delivery systems that induce long-lasting RNAi activity. HCV is an attractive target for its localization in the liver, an organ that can be readily targeted by nucleic acid molecules and viral vectors. In the future, chemically modified synthetic siRNAs, with improved resistance to nucleases coupled with enhanced duration of RNAi, may become a possibility for therapeutic applications. On the other hand, gene therapy offers another possibility to express siRNAs that target HCV in a patient's liver. Our laboratory has produced cells that exhibit stable RNAi directed against a virus. We constructed a self-contained episomal expression vector that contains the oriP origin of replication, a coding sequence for EBNA1 protein that is required for episome maintenance, and two H1 tandem promoters that drive the synthesis of each of the siRNA strands. This expression vector extended the duration of RNAi activity to 3 weeks. Others laboratories have observed long-acting RNAi through the establishment of stable cell lines that constitutively express specific siRNAs (13, 15, 36) . Two recent reports have described the use of recombinant adenoviruses and retroviruses to deliver and express siRNA in culture. The adenovirus was also used to deliver siRNAs to the livers of mice (37, 38) . Similar vectors could eventually be used from a prophylactic or therapeutic standpoint to evaluate the effects of siRNA on HCV replication in model systems such as chimpanzees and mice with chimeric human livers (39) . Based on the experiments presented in this article, the use of siRNA as a treatment for HCV infections has great potential for use alone or in combination with conventional IFN͞ribavirin therapy as a means to decrease virus loads and eventually clear the persistent virus from its host.
